Introduction
Whenever drainage is mentioned in India, the wellplanned gravity drainage system in the cities of the Indus Valley civilization (approx. 2500 BC) is cited, for example, Mohenjo-Daro (now in Pakistan) and Lothal (Gujarat, India) [1, 2] . Present-day India comprises 28 States and 9 Union Territories with an urban population of 377 million as reported in the 2011 census [3] and this is forecast to exceed 600 million by 2031 [4] . There are 7935 towns in India and 468 Urban Agglomerations (UAs)/towns which have a population of at least 100 000, out of which 53 UAs/Towns have a population of one million or above each [3] -a UA is defined as 'A continuous urban spread constituting a town and its respectively. This is because many of the tropical cyclones from the Bay of Bengal make landfall on the Orissa/Bengal coast. On the other hand, Mumbai on the west coast receives both orographic rainfall from the Arabian Sea as well as rainfall from tropical systems originating in the Bay of Bengal and flooding is an annual feature in the city. The recent rainfall events in the past year suggest that we are indeed witnessing increased rainfall in shorter intervals of time, as indicated by the Intergovernmental Panel on Climate Change [14] . In addition, the IPCC Special report on Oceans and Cryosphere [15] has indicated that the sea-level is rising at a much faster level than estimated earlier and the coastal cities are at increased risk from flooding due to sea-level rise-'Risk related to SLR (including erosion, flooding and salinization) is expected to significantly increased by the end of this century along all low-lying coasts in the absence of major additional adaptation efforts (very high confidence)' [16] .
At other times of the year, the priority is mostly on water supply. The need to keep the reservoirs full during the monsoon to ensure supply of water in the six dry months has resulted in panic releases of water from the dams during excess rainfall as seen in the case of Kerala in 2018 [7] .
Flood mitigation measures
Flood mitigation strategies have been implemented in a few cities in India. These include nonstructural measures such as the installation of automatic weather stations for rainfall monitoring [17] and dissemination of real-time rainfall and flood alerts in Mumbai which can be seen on http://dm.mcgm.gov.in/livefullpage as well as on smartphones. Flood risk mapping has been carried out for a few cities, for example, Mumbai [18] , Chennai [19] , Surat [20] , and Hyderabad [21] , while flood risk assessment and resilience strategies have been identified for Surat [22] . A study to understand vulnerability to increased precipitation in a changing climate and identify flood zones and hazards, it has been difficult to prevent new building in the hazardous areas due to paucity of space and difficulty in the evacuation of the squatters. Even when early warnings are issued, the squatters do not evacuate as they fear that they might not be allowed to come back. Structural measures have included the removal of encroachments in the flood plains and subsequent construction of a flood wall (figure 2) and an online detention pond on the Mithi River in Mumbai. Provision of additional box culverts under the Airport Runway on the Mithi River [24] is shown in figure 3 . Detention ponds were proposed for Guwahati, capital of the state of Assam [25] , but implementation was slow due to land acquisition and other issues. Widening of some of the channels in Guwahati has reduced the flooding adjacent to the channels but has not eliminated it. Due to the increasing pressures of population growth, many new developments have come in the low-lying areas and lakes in Guwahati and other cities. Detention/holding ponds are an effective way of reducing flooding in cities like Mumbai, although the availability of land for the design capacity is always a challenge. Bioretention basins were also examined but were found unsuitable for heavy rainfall intensity [26] . Rain gardens have been constructed in Hyderabad, India, with a depth varying from 400 to 500 mm and have shown excellent performance during the monsoon season [27] .
Flood resilience initiatives and challenges
The Mumbai floods of July 2005 resulted in the Government of India initiating significant policy and planning initiatives. The National Disaster Management Authority (NDMA) of India set up an expert committee which resulted in the National Guidelines on Urban Flood Disaster Management [6] . Since India has a varied climate and topography, the choice of the strategy for flood mitigation for a city would be decided on the location and rainfall pattern of each city. Cities may have one or more of the following attributes based on location-coastal, riverine, inland, hilly or downstream of dams or reservoirs [6] . Given the increasing rainfall intensities, the city drainage systems need to be modified or supplemented with additional sustainable drainage measures such as detention ponds and other storages in the drainage chain [6] . The guidelines recognized that urban flooding is significantly different from rural flooding as urbanization The guidelines are quite comprehensive and identify the institutional framework required for improving flood resilience through better flood disaster management. They also make recommendations for enhancing urban flood capabilities, improving the drainage systems including sustainable drainage practices, as well as improving the techno-legal regime, response actions, capacity development and implementation strategies. Subsequently, a National Disaster Management Plan [28] has been developed, which had a special section on urban flood risk mitigation. The plan identifies the Central/State Agencies as being responsible for the various activities related to mitigation of flooding. The structural measures include hazard resistant construction, strengthening and retrofitting of all lifeline structures and critical infrastructure.
Following the Chennai floods of 2015, a standard operating procedure (SOP) for urban flooding was also brought out by the Town and Country Planning Organisation of the Ministry of Housing and Urban Affairs [29] . The SOP identified the objectives, mitigation strategies for urban flooding, nodal agencies for early warning, city-level action plans including the establishment of the emergency operations centre and other related measures including reporting formats. Simultaneously, the Central Public Health and Environmental Engineering Organisation (CPHEEO) of the Ministry of Housing and Urban Affairs initiated the drafting of the first dedicated stormwater drainage manual, which was released in August 2019 [30] . The manual has drawn freely from the existing international codes of practice and been adapted for local conditions. It is expected that future designs would benefit from the latest design practices included in the new manual.
However, there are still many challenges in developing future flood resilience:
1. Despite the initiatives of the Government of India, there has been limited implementation of flood resilience measures in the cities. This is because water is a state subject and the city drainage system falls under the jurisdiction of the city authorities. There is a significant time gap between the formulation of policies of the Central Government and their implementation by the City Municipal Corporations. Following the onset of the monsoon in June, there are outbreaks of epidemics like dengue, leptospirosis and malaria during July to September due to the mixing of sewage with stormwater. 4. Siltation due to sediments and waste in drains impede the flows and reduce the capacity of the drains. The NDMA guidelines on Urban Flood Disaster Management have recommended that 'pre-monsoon desilting of drains will be completed before 31 March every year', but the local authorities are not as efficient in executing the desilting works in a timely manner. 5. A major limitation for carrying out planning measures for stormwater drainage and control in India is the lack of necessary data for drainage design. Intensity-durationfrequency (IDF) curves for the major cities in India are not readily available from the IMD (India Meteorological Department). IMD has recently installed electronic automatic weather stations/rain gauges to collect data at 1-h intervals, but this is not adequate for urban areas where the times of concentration are of the order of a few minutes. Rainfall data should ideally be at 5-min time resolution if we are to plan and implement efficient control measures in India.
Summary and the way forward
Rapid urbanization and population pressures on cities coupled with hydrologic extremes and climate change have emerged as significant considerations in implementing the flood resilience measures in many of the cities in India. Flooding is seen as a seasonal occurrence during the monsoon while maintaining daily water supply is the real challenge. The need for maintaining adequate water levels in the dams for water supply for the cities, irrigation for the farmers and power generation conflicts with the provision of adequate storage for flood mitigation. However, one severe flood can set a city's development back by many years and drive away investors. Given rising sea levels and increased rainfall occurring in shorter intervals of time due to climate change, the cities need to quickly upgrade their drainage systems for higher intensity rainfalls and provide adequate interventions if they plan to function efficiently during extreme rainfall. The Government of India has now initiated the major program AMRUT, Atal Mission for Rejuvenation and Urban Transformation [31] , focusing on the provision of water supply, sewerage, stormwater drains, green spaces and public transport in 500 cities of India. For better planning of the urban storm drainage systems, the Manual on Storm Drainage released in 2019
